Recent X-ray observatories have revealed various new phenomena in the Jupiter system. The X-ray emission is found from Jupiter's aurorae, the planetary disk (lowand middle-latitude emission), Io, Europa, the Io Plasma Torus, and the radiation belts. The X-ray observation can be an unique diagnostic tool to study fundamental problems on the Jupiter system: the magnetospheric activities, the particle acceleration, and the Jupiter-satellite couplings. However, because of the limited photon statistics and/or image resolution of the X-ray data taken with the Earth orbit satellites, our understanding on their X-ray emission mechanism and the relation to the other wavelength observations is often unclear. To make a breakthrough in the impasse, an X-ray remote sensing instrument is proposed for the Japanese orbiter in the international exploration mission to Jupiter planned in 2020's. This instrument called JUXTA (JUpiter X-ray Telescope Array) will consist of an ultra light-weight Wolter type-I X-ray telescope and a radiation-hard imaging spectrometer.
Introduction
Jupiter is the archetype for the giant planets in the solar system and nearby stars (Bagenal et al., 2004) . It is a gas giant with a mass of 1.9×10 27 kg (×320 Earth) and a mean radius of 7.0×10 4 km (×11 Earth). Surrounding Jupiter are more than 60 satellites. Three of the four giant Galilean satellites are believed to harbor internal oceans and are central to understand habitable worlds around gas giants in general. A fast sidereal rotation (9.9 hr) and a metallic hydrogen interior forms a powerful rotation-driven magnetosphere. On the surface, the magnetic field reaches 14 Gauss at poles and 4 Gauss at the equator (×10 Earth). A better understanding of the Jupiter system as a habitable world and a planetary magnetosphere are the keys in planetary science, plasma physics, astronomy, and astrobiology.
Jupiter is the most luminous planet in the solar system at X-ray wavelength (see Bhardwaj et al., 2007 for review; Ezoe et al., 2011a) . The X-ray emission has been 60 Y. Ezoe et al. detected from Jupiter's aurorae, Jupiter's disk (low-and middle-latitude atmosphere), the Io Plasma Torus, the Galilean satellites (Io and Europa), and the radiation belts. The proposed emission mechanisms include bremsstrahlung emission by keV electrons, charge exchange emission by MeV ions, the ion bombardment on the satellite surface, and inverse Compton scattering of solar photons by tens MeV electrons. In this paper, we review the current understanding and remaining issues of the X-ray emission from the Jupiter system. An X-ray remote sensing instrument proposed for the Japanese orbiter in the international exploration mission to Jupiter is introduced.
2 X-ray Emission from the Jupiter System 2.1 Jupiter Jupiter is the brightest X-ray object in the Jupiter system. The Chandra observation of Jupiter revealed that its X-ray emission is composed of auroral and disk emission (Gladstone et al., 2002) as shown in Fig. 1(a) . The auroral emission is spatially associated with magnetic poles, suggesting precipitation of ions and electrons. The typical X-ray luminosity of the auroral emission is ∼ 10 16 erg s −1 . During the Chandra observation, it exhibited a quasi-periodic (QP) variation with a period of ∼45 minutes as shown in Fig. 1(b) .
The high photon statistics data with XMM-Newton observations allowed energy filtered images (Branduardi-Raymont et al., 2007) as shown in Fig. 1(c) . The north and south poles are bright in the highly ionized oxygen line bands (top two), while the emission becomes more uniform in the continuum (bottom left) and ionized Mg line band (bottom right). The spatially-resolved X-ray spectra are shown in Fig. 1(d) . The auroral emission is composed of C or S, OVII, OVIII lines and a hard continuum extended to more than 2 keV. These ion lines are considered to be emitted via the charge exchange collisions of sulfur and oxygen ions at high charge state, and continuum are via the bremsstrahlung of energetic (keV) electrons. A high resolution X-ray spectrum taken with XMM-Newton RGS suggests that the line width of the OVII and OVIII lines are significantly broad, corresponding to ∼ 9000 km s −1 and ∼ 11000 km s −1 . Thus, these ions could have energies of several MeV/amu. The low-and middle-latitude atmosphere exhibits an uniform emission called disk emission. This is attributed to scattered radiation of solar X-rays with a typical luminosity of ∼ 3×10 15 erg s −1 . The spectrum of the disk emission is composed of a thin-thermal plasma emission and an additional emission line from MgXI (1.35 keV) as shown in Fig. 1(c) and (d) . A straightforward interpretation of this emission is a scattering of solar X-rays by the planetary atmosphere. A time correlation between the disk emission and the solar X-rays has been seen (Bhardwaj et al., 2005) .
In spite of these remarkable advances in this decade, many key questions remain unsolved: (1) What is the energy source of the X-ray QP phenomenon that was seen in the auroral emission? And why periodic is it? (2) What is the source of the high energy precipitating ions in the auroral emission? Are the ions magnetosphere origin (Iogenic) or solar wind origin? (3) What is the composition of the precipitating particles in the auroral emission?: the high or low energy electrons or ions? (4) Is the disk emission explained only by the scattering of solar X-rays? (5) Can the disk emission be used to monitor for solar activities at Jupiter's orbit? (6) Can the disk emission explore a chemical composition of the Jupiter's atmosphere? 2.2 The Io Plasma Torus Chandra detected X-rays from the central region of the Io Plasma Torus with a X-ray luminosity of ∼ 1 × 10 14 erg s −1 (Elsner et al., 2002) . Spectral investigation of the torus X-rays indicated continuum and line emission around 570 eV possibly corresponding to non-thermal electron bremsstrahlung and O 6+ line as shown in Fig. 2 , respectively. This suggests energetic ions at high charge state and electrons in the central region of the IPT. Elsner et al. (2002) proposed some scenarios of particle energization for these spectra: inward radial diffusion accompanied with stripping and charge exchange for ions, and wave-particle and/or radial diffusion for energetic electrons. They con- cluded that both of accelerations by wave heating and radial diffusion are feasible for the observed electron spectra, and no scenario is applicable to the observed ion lines. Thus, the energization process of ions and electrons has not been clearly identified yet. Key questions are: (1) What processes energize oxygen ions and electrons around the central IPT? (2) Is it possible to monitor particle accelerations in the central IPT based on X-ray spectra? 2.3 Galilean satellites Chandra discovered faint X-ray emission from the Galilean satellites (Elsner et al., 2002) . The X-ray luminosity is roughly estimated as ∼ 2 × 10 13 erg s −1 for each. X-ray photons between 500-700 eV are detected from the satellite icy surfaces as shown in Fig. 2 , suggestive of bombardment of energetic S, O, and H ions from Io plasma torus. Some ion species are expected to excite line emissions depending on composition of icy surfaces. However, the composite is unknown because of no measurements of fundamental characteristics of X-ray emissions from satellite surface: e.g., energy spectra, spatial distribution, and time variability. Key questions are as follows: (1) What spectral features are there on the Galilean satellites? (2) What composite the icy surfaces have? (3) How the high energy ion populations bombard satellite icy surfaces? 2.4 Radiation belts Suzaku discovered diffuse hard (1-5 keV) X-ray emission around Jupiter (Ezoe et al., 2010a) as shown in Fig. 3 . The emission is distributed over 16×8 Jovian radius and spatially associated with the radiation belts and the IPT. The observed spectrum showed a flat power-law continuum spectrum at 1-5 keV. The X-ray luminosity is ∼3×10 15 erg s −1 . Ezoe et al. (2010a) pointed out that the flat continuum is emitted from the non-thermal electrons in the radiation belts and/or the IPT. They suggested that the inverse-Compton scattering by ultra relativistic (several tens MeV) electrons can be responsible. This implies that one can monitor energy and spatial distribution of ultra-relativistic electrons in the inner magnetosphere. Though, it has not determined yet which region is the true source of the diffuse hard X-ray emissions. There remain unsolved questions: (1) Can X-ray observations monitor ultra-relativistic electrons in the inner magnetosphere? (2) Which region is the true source of the diffuse hard X-ray around Jupiter?: radiation belts or the IPT? 3 X-ray Remote Sensing for the Exploration of Jupiter 3.1 Jupiter Magnetospheric Orbiter
Since the X-ray emission from the Jupiter system is closely related to the magnetospheric activities, the particle acceleration, and the Jupiter-satellite coupling, the X-ray observation can be an unique diagnostic tool to study all of these fundamen-tal issues of the Jupiter system. However, the small angular size of these objects, the low photon statistics, and the limited number of observation opportunities with the Earth orbit satellites hinder us from fully utilizing this tool and answering to the key question raised by the previous observations. Therefore, we have proposed an in-situ X-ray remote sensing instrument for JMO (Jupiter Magnetospheric Orbiter). The JMO project has started as one of orbiters in an international exploration mission to Jupiter. Currently, ESA 1 , NASA 2 , and JAXA 3 plan to launch three independent orbiters in this scheme. The objective of JMO is to reveal the following three fundamental problems related to the Jovian magnetosphere:
• Rotationally driven activities [Magnetosphere and ionosphere coupling, reconnection and convection, particle injections in the inner magnetosphere],
• Strong particle acceleration [polar aurora (main oval, QP phenomena, satellite footpoint), radiation belts],
• Jupiter-satellite binary system [Jupiter-Io torus dynamics, Jupiter-Ganymede magnetosphere-magnetosphere interaction].
To achieve these goals, JMO will overview the Jovian magnetosphere from the high latitude with multi-band imaging science payloads, while the other orbiters will be in the magnetospheric equator to mainly explore the Galilean satellites. Figure 4 shows the conceptual view of the fully deployed spacecraft. The spacecraft design is ongoing. In this concept, the spacecraft has a dry mass of 1000 kg and a wet launch mass of 2650 kg. The science payload is at most 60 kg. The launch vehicle is H2A with a kick motor. A transfer analysis is under investigation and two favourable launch windows have been identified (2020 or 2022).
The baseline of JMO trajectory in the Jupiter system is as follows. In the first phase, the orbit is equatorial or low inclination to explore the magnetodisk. In the second phase, the orbit becomes high inclination with a Ganymede and Callisto gravity assist sequence. The periapsis and apoapsis will be ∼30 R J and ∼100 R J , respectively. The distance to Jupiter depends on the choice of the trajectory and hence to be determined. A t8 mm aluminium equivalent shielding will be equipped to suppress the total dose of the onboard systems.
JUXTA-JUpiter X-ray Telescope Array
We have proposed the X-ray remote sensing instrument called JUXTA (JUpiter X-ray Telescope Array). JUXTA is a Latin word meaning proximity. It is an Xray imaging spectrometer consisting of a ultra light-weight telescope and a radiation hard detector. The design concept of JUXTA is defined based on the scientific requirements. The specifications are optimized especially for detection of the auroral emission, which are the most intense and variable X-ray source in the Jupiter system. Table 1 is a summary of the required specs of JUXTA. To fulfil the science requirements, the JUXTA system will consist of a wide-FOV Wolter type-I telescope and a high spatial-and energy-resolution detector. Figure 5 shows the concept of the JUXTA system. Besides the telescope and detector, subcomponents will be necessary. Firstly, to avoid the optical contamination noise or optical loading effect, an optical blocking filter is placed in front of the detector. Secondly, to reduce the radiation particle noise, an anti-coincident detector is located behind the detector. Thirdly, a 0.1 T-class magnet is optionally set between the telescope and the detector to bend the incoming particles and reduce the particle noise. Fourthly, a shutter module is placed at the entrance of the telescope to stop the micro meteoroid and orbital debris and to reduce the radiation damage of the detector. The whole JUXTA system will be inside the spacecraft aluminum shield with a thickness of 8 mm. To prevent the radiation particles and electromagnet noises, the detector system will be further shielded by a detector box.
The major advantage of JUXTA compared to the Earth orbit satellites is proximity. Provided that the periapsis of the JMO is 30 R J and the average distance of Jupiter from Earth is 4 AU, the photon flux from Jupiter seen with JUXTA will be 8 × 10 4 times higher. Also, the size of structures on the surface seen at the distance of 30 R J will be 300 times larger. The X-ray remote-sensing instrument with the effective area of 1 cm 2 and the angular resolution of 5 arcmin onboard JMO is equivalent to 8 m 2 and 1 arcsec in the Earth orbit satellite. Such a gigantic Earth orbit X-ray astronomical mission is not planned in 2020's. Even the Athena mission proposed for the launch in 2020's will be equipped with the effective area of 1 m 2 (goal 1.2 m 2 ) and 10 arcsec (goal 5 arcsec).
The expected photon flux and size of the X-ray emitting objects in the Jupiter system observed at the object-JMO distance of 30 R J are shown in Table 2 . In the objective energy band of 0.3-2 keV, the total photon flux of Jupiter's aurorae will reach ∼ 12 ph cm −2 s −1 and will be distributed over 100×20 arcmin. Therefore, ∼2000 counts corresponding to ∼ 50 σ detection can be collected in 1 min if the effective area is 3 cm 2 . In practice, the particle noise will degrade the signal to noise ratio. The quantitative analysis on the radiation effect is ongoing.
JUXTA will employ advanced telescope and detector technologies. Technology candidates are shown in Fig. 6 . The telescope candidate is what we call MEMS (Micro Electro Mechanical Systems) X-ray optics (Ezoe et al., 2010b) . This optics is based on the micromachining etching and lithography technologies. The side walls of micro pores (several tens µm width) through a thin (several hundreds µm) wafer are used for X-ray mirrors. Because of the thinness of the wafer, this optics will be more than an order of magnitude lighter than the traditional X-ray telescopes and will satisfy the stringent performance and mass requirements. The accurate micro pore shape makes a good angular resolution possible. The simulation based study predicts that the energy band of 0.3-2 keV, the on-axis effective area of > 3 cm 2 at 0.6 keV, and the field of view of 4 deg φ are achievable (Ezoe et al., 2011b) . We hope to launch Elsner et al. (2002) . Hence, a monochromatic central X-ray energy described in the paper is assumed. a prototype telescope for technical demonstration around 2015. A science objective of the demonstration satellite will be to monitor soft X-ray emission of the Earth's aurorae and exosphere. The detector candidate is DepFET (DEpleted P-channel Field Effect Transistor) developed by Max Planck Institute (Kemmer and Lutz, 1987; Strüder et al., 2010) . The DepFET sensor array is a combined detector-amplifier structure. Every pixel consists of a p-channel MOSFET. In normal operation one row of pixels is selected for readout and reset while the rest of the pixels is turned off but still integrating signal charges. The integration time of a pixel is equal to the number of pixel rows multiplied by the time required for readout and reset of one row. Since the row is only turned on during readout, the DepFET readout system is in principle low power.
The combined structure enables low capacitance and noise leading to an excellent spectroscopic performance. Almost the theoretically limited energy resolution have been achieved around 1 keV. Furthermore, since there is no need for the charge transfer like the CCD, the DepFET detector is intrinsically more radiation hard. The quantitative estimation of the radiation dose and the radiation induced damage/noise is vital for JUXTA. The DepFET detector is planned to be onboard BepiColombo MIXS 4 and Athena 5 . The expected launch year of BepiColombo is 2013 and the arrival time at Mercury is 2019. The feedback of the MIXS experience to JUXTA is possible.
Summary and Conclusion
The recent X-ray observations have shown that X-rays can be a new diagnostic tool to study the Jovian magnetosphere that the JMO will explore in situ as a template for an astrophysical magnetised disk. The X-ray imaging spectroscopy of the Jupiter system with JUXTA will revolutionize our knowledge on the magnetospheric activities, the particle acceleration, and the Jupiter-satellite reaction. The telescope and detector technologies are being developed and foreseen to have space heritage before the launch of JMO.
